In this paper, the error performance of coherent detection multiple apertures receiver system is evaluated for satellite-to-ground downlink optical communications. Bit-error rate (BER) expressions of equal gain combining (EGC) receiver system are given for binary phase-shift keying (BPSK) modulation schemes under Gamma-Gamma channel model atmospheric turbulence. Monte Carlo (MC) simulations are used to analyze the BER performance for different number of apertures with the same total aperture area. It is found that coherent detection multiple apertures receiver system can greatly improve the system performance for EGC diversity, but the improved rate of diversity gain decreases with the increase of diversity branches.
INTRODUCTION
Free-space optical (FSO) communication is well suited for applications requiring cost-effective, high-capacity ability, enhanced security, and unlicensed broad bandwidths. Unfortunately, the transmission efficiency of an FSO link could be severely degraded due to atmospheric turbulence, which causes temporal and spatial fluctuation of light intensity [1] .
To mitigate the atmospheric turbulence deterioration effect on the operation of FSO communication links, significant attention has been attracted to spatial diversity techniques. Diversity technique can provide the receiver with multiple replicas of the same information bearing signal through different independent fading channels. Hence, the probability that all replicas are simultaneously under deep fading would be rather small [2] . Through appropriate signal combination at the receiver, one can reduce the depth of the fades and improve the efficiency of wireless communication systems. _____________ Owning the advantages of high reception sensitivity, good frequency selectivity, and diverse modulation and demodulation solutions, coherent multiple apertures receiver system attracted considerable attention in FSO communication. In [3] , Gatt et al. presented description of design, operation and test over a 2 km path of a coherent laser array receiver that uses two independent aperture receivers. Lee and Chan investigated the benefit of coherent detection with spatial diversity for fade mitigation, and compared the performance improvement of diversity coherent detection over diversity incoherent detection [4] . In [5, 6] , Belmonte and Kahn studied the diversity combining techniques applied to synchronous laser communication systems. In [7] , coherent wireless optical communications with predetection and postdetection are analyzed for Gamma-Gamma distributed turbulence channels.
Although coherent multiple apertures receiver system have been investigated for years, its application for FSO communication was limited to terrestrial case [8] . In this paper, we investigate the bit-error rate (BER) of coherent detection multiple apertures receiving system for satellite-to-ground downlink optical communications over Gamma-Gamma distributed atmospheric turbulence. To show the net gain of spatial diversity, the BER of a single monolithic aperture and equal gain combining (EGC) multiple apertures receiver system with the same total aperture area (same total average incident optical power) are compared for coherent detection EGC receptions.
SYSTEM MODEL AND BER ANALYSIS
For a satellite-to-ground downlink optical communication system, we assume that all the receiving branches are separated sufficiently far apart that each received signal acts independently of the others. For the lth branch of a coherent optical communication system using binary phase-shift keying (BPSK), the instantaneous electrical signal-to-noise ratio (SNR) can be defined as. is sufficiently large so that shot noise is dominant and can be modeled as additive white Gaussian noise (AWGN). Since I l is considered normalized, the average electrical SNR for each branch can be derived as
For EGC system with L diversity branches, the received signals at different branches are added with equal weight. The instantaneous SNR at the output of the combiner is
The probability density of the received signal irradiance I can be assumed to be governed by the Gamma-Gamma distribution model, and the probability density function (PDF) of the signal irradiance is given by 
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where k = 2π/λ is the optical wave number, and λ is the wavelength. h 0 is the height above ground of an optical terminal and h is the altitude of the satellite. ζ is the zenith angle. In a space-to-ground communication link, the zenith angle is defined as the angle between the normal orientation of the receiver on earth and the propagation orientation. C 2 n (h) stands for altitude dependent refractive index structure coefficient, and in this work we utilize Hufnagel-Valley (H-V) mode, that is the most widely used model and can be described by 
Hence, the BER of coherent detection EGC system can be expressed as
The analytical results of Eq. (11) can be derived using the characteristic function (CF) of Gamma-Gamma distribution [10] . But current software programs can lead to numerical errors in the calculation of the generalized hypergeometric functions for certain values of the argument (particularly for 402 large arguments). To avoid such possibilities, we use Monte Carlo (MC) simulations with 10 6 independent samples of the Gamma-Gamma distributed irradiances to analyze the whole range of zenith angle for satellite-to-ground downlink optical communications.
SIMULATION RESULTS
A typical laser Geostationary Earth Orbit (GEO) satellite downlink channel is taken into concern in this work. We consider an FSO system with a wavelength of λ = 1550nm and an altitude of the satellite h = 38000 km. In Fig.  1 , the BER performances of EGC multiple apertures receiver system and a single monolithic aperture system with the same total aperture area A T are compared for satellite-to-ground downlink optical communications over i.i.d. Gamma-Gamma atmospheric turbulence channels. We assume that γ 0 = R d A T /(q∆f).
It can be seen from Fig. 1 that for receiving system with the same average total incident optical power, even a small number of EGC receiver diversity will be able to significantly mitigate the effects of atmospheric turbulence. The BER performances improve as the number of receiving apertures increases. But the improved rate of diversity gain decreases with the increase of L. It is obvious that the system gain between L+1 aperture and L aperture is very small when L is greater than 5. It also illustrates that the net gain improvements of spatial diversity are more significant for high zenith angle (strong atmospheric turbulence) than for low zenith angle (weak atmospheric turbulence). 
CONCLUSION
In this paper, we have studied the BER performance of EGC coherent detection receiver system for satellite-to-ground downlink optical communications. It is found that the multiple apertures receiver system can greatly improve the system performance for coherent detection EGC diversity, but the improved rate of diversity gain decreases with the increase of L, and the system gain betweenL+1 aperture and L apertureis very small when L is greater than 5. The improvement of spatial diversity is more significant for high zenith angle (strong atmospheric turbulence) than for low zenith angle (weak atmospheric turbulence).
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